By performing MCF-7 cell-based cytotoxicity assays, we found that N-iodoacetyl-Lys-tert-butyloxycarbonyl (N-iodoacetyl-Lys[BOC]; referred to herein as I-Lys), in a synthetic compound library designed for targeting PPIs, was capable of directly disrupting the intracellular XIAP:p19/p12-CASP7 complexes by alkylating the Cys 246 residue of CASP7, which promptly released p19/p12-CASP7 from the complex, subsequently promoted poly (ADP-ribose) polymerase (PARP) processing, and ultimately caused DNA fragmentation and apoptosis in CASP3/DR breast cancer cells. We also found that the XIAP:p19/p12-CASP7 complex was constitutively present in nonapoptotic CASP3/DR cancer cells and inversely correlated with CASP3 expression, thereby providing a basis for the cytotoxic specificity of I-Lys against CASP3/DR cancer cells in vitro and in vivo. Moreover, our results demonstrated that CASP3/ DR and p19/p12-CASP7 accumulation correlated with poor prognosis in clinical cohorts with breast, lung, and colon cancers. This correlation is likely due to the development of drug resistance, as I-Lys effectively killed multidrug-resistant breast cancer cells by disrupting the XIAP:p19/p12-CASP7 complex. Additionally, low doses of I-Lys synergistically enhanced the tumoricidal efficacy of anticancer agents on CASP3/DR malignancies. Therefore, targeting the XIAP:p19/p12-CASP7 complex could be an effective, specific, and safe strategy to treat CASP3/DR malignancies.
Results

Cytotoxic screening of synthetic iodoacetyl amino acids against CASP3-null MCF-7 cells.
PrognoScan analysis of CASP3 gene expression in publicly available microarray databases revealed that CASP3/DR correlated with cancer metastasis and recurrence and predicted poor overall and disease-free survival rates in clinical cohorts with diverse cancers (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI67951DS1). Immunohistochemical (IHC) staining of CASP3 in clinical breast, lung, and colon cancer specimens supported the hypothesis that CASP3/DR contributes to the reduced incidence of disease-free survival (Supplemental Figure 1 , A-C). These findings prompted us to identify PPIs as a target for the treatment of CASP3/DR malignancies using the CASP3-null MCF-7 breast cancer cell line as a cell-based model. Because PPIs are mediated by amino acids, we previously generated a series of iodoacetyl amino acids (I-AAs), which form covalent bonds with Cys residues in their target proteins, with the aim of discovering a new anticancer drug target (30, 31) . In this strategy, a fluorescent probe and biotin are used to visualize and recover the target protein by avidin-based affinity chromatography, respectively ( Figure 1A ). Here, we performed MCF-7 cell-based cytotoxicity assays to screen synthetic I-AAs and found that I-Lys ( Figure 1B ) exhibited the greatest cytotoxic effect in MCF-7 cells at a concentration of 1 μM (Supplemental Figure 2) . Furthermore, we found that I-Lys efficiently killed MCF-7 cells (EC 50 0.64 μM), but not normal MCF-10A breast epithelium cells, in both short-and long-term cytotoxicity assays ( Figure 1C and Supplemental Figure 3 ), which suggests that this compound has selective anticancer activity. The observed chromosomal DNA fragmentation ( Figure 1D ) indicated that I-Lys caused cell death in MCF-7 cells through the intracellular apoptotic machinery. The removal of an iodo-group completely abolished the cytocidal effect of I-Lys, but changing the protective group from butyloxycarbonyl to benzyloxycarbonyl on the Lys side chain did not significantly alter the cytocidal effect ( Figure   1E and Supplemental Figure 4 ), which indicates that the formation of an adduct between I-Lys and Cys on the target protein is required for I-Lys-elicited apoptotic signaling. Interestingly, reconstitution of CASP3 expression in MCF-7 cells abolished the cytocidal effect of I-Lys (Figure 1 , F and G), which suggests that I-Lys selectively kills CASP3/DR cancer cells.
I-Lys directly disrupts the XIAP:p19/p12-CASP7 complex, leading to CASP7-mediated apoptotic signaling that bypasses the activation of its upstream effector caspases. Because I-Lys caused cell death through apoptotic signaling, we determined the activation state of the cas- pases involved in the extrinsic and intrinsic apoptotic pathways in MCF-7 cells. Our data showed that only CASP7 activity was detected in MCF-7 cells after treatment with I-Lys for 24 hours (Figure 2A ). The insensitivity of other caspases to I-Lys treatment was not due to loss of their expression in MCF-7 cells, as shown by Western blot (Supplemental Figure 5) . Iodoacetamide (IDAM) and N-acetyl-Lys treatment in MCF-7 cells did not promote caspase activation, which demonstrated the requirement of I-Lys binding
Figure 3
Identification of CASP7 as a target for I-Lys. (A) Isolation of I-Lys-B-labeled proteins from MCF-7 cell lysates. Top left: Structure of I-Lys-B. Top right: streptavidin-affinity chromatography of I-Lys-B-interacting protein in MCF-7 cell lysates and immunoblotting for pro-CASP7 and p19/p12-CASP7 in the MCF-7 cell lysates (input), flow-through (FT), and eluted fractions. (B) Confocal microscopy of I-Lys-B-labeled MCF-7 cells. A rhodamine-conjugated streptavidin agent was used to trace intracellular I-Lys-B. Intracellular CASP7 was immunostained with a CASP7-specific antibody in conjunction with a FITC-conjugated secondary antibody. Scale bars: 20 μm. Original magnification, ×400. (C-H) Immunoblotting for pro-CASP7, p19/p12-CASP7, EGFP (control for cell transfection), and GAPDH (control for protein loading) (C, E, and G) and I-Lys-induced apoptosis (D, F, and H) in MCF-7 cells transfected with WT, mock, or CASP7 (C and D); WT, control shRNA, or CASP7 shRNA (E and F); or CASP7 or CASP7/D23A (G and H). (D, F, and H) Data (mean ± SEM) are from 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. specificity and alkylating reactivity in this event. STS treatment increased the activity of CASP7, CASP8, CASP9, and CASP10 (Figure 2A) , which suggests that I-Lys treatment may not induce the activation of extrinsic and intrinsic caspase-dependent apoptotic pathways. Proteolysis of poly (ADP-ribose) polymerase (PARP) -a downstream effector of CASP7 in the demolition phase of apoptosis (32) , chromosomal DNA fragmentation, and apoptosis -was also detected in I-Lys-treated MCF-7 cells in a time-dependent manner ( Figure 2B and Supplemental Figure 6, A and B) . Compared with I-Lys, STS treatment promoted weak induction of Figure 2B ) and apoptosis (33) in MCF-7 cells during the time course, presumably due to sequestration of p19/p12-CASP7 by XIAP (25) . Pharmaceutical inhibition of the CASP7/PARP signaling axis by their respective inhibitors, 5-[(S)-(+)-2-(methoxymethyl)pyrrolidino]sulfonylisatin (MPS) (34) and 5-iodo-6-amino-1,2-benzopyrone (IAB), suppressed I-Lys-induced apoptosis in MCF-7 cells in a dose-dependent manner ( Figure 2C ). These results demonstrated a requirement for CASP7 activity in I-Lys-dependent apoptosis in MCF-7 cells. Furthermore, we detected proteolytic processing of CASP7 in response to I-Lys treatment in MCF-7 cells. Although STS, which is known to elicit caspase-dependent apoptosis in MCF-7 cells (33) , effectively promoted the processing of pro-CASP7 into p19/ p12-CASP7, reaching a maximal level at 8 hours after treatment, I-Lys did not affect the proteolytic cleavage of pro-CASP7 within 8 hours of treatment ( Figure 2D ). However, pro-CASP7 was processed into p19/p12-CASP7 after 16 hours of treatment with I-Lys in MCF-7 cells ( Figure 2D ). Labeling of active p19/p12-CASP7 by biotinylated VAD clearly showed that treatment with STS, but not I-Lys, dramatically increased the intracellular levels of p19/ p12-CASP7 at the onset of treatment (≤4 hours) in MCF-7 cells ( Figure 2E ). In contrast to STS, I-Lys did not induce CASP9 processing in MCF-7 cells (Supplemental Figure 7) . These findings suggest that I-Lys-induced CASP7 activation may be uncoupled from pro-CASP7 activation. Therefore, we determined whether I-Lys directly disrupts the intracellular XIAP:p19/p12-CASP7 complex to induce apoptosis in MCF-7 cells. Immunoprecipitation analysis revealed that I-Lys reduced the level of the intracellular XIAP:p19/p12-CASP7 complex within 15 minutes of treatment, whereas STS treatment promoted XIAP:p19/p12-CASP7 complex formation through pro-CASP7 activation ( Figure 2F ). Real-time determination of CASP7 DEVDase activity revealed that I-Lys induced a rapid increase in intracellular CASP7 activity within a few seconds of administration; this effect was abolished by preincubating MCF-7 cells with MPS ( Figure 2G ). In contrast, STS treatment induced only a minor increase in intracellular CASP7 activity several minutes after treatment ( Figure 2G ). The D148A, E219R, and H223V mutations in XIAP together have been shown to be important for intermolecular interaction between XIAP and p19/p12-CASP7 and between XIAP and active CASP3 (35) ; however, the D148A mutation alone robustly alters the inhibitory effects of XIAP on the activity of CASP3, but not p19/p12-CASP7 (35) . An XIAP mutant containing all 3 mutations, but not an XIAP containing D148A mutation alone, enhanced STS-induced apoptosis in MCF-7 cells (Supplemental Figure 8) . These results clearly demonstrated that removal of XIAP inhibition on active p19/ p12-CASP7 by I-Lys is a key process for eliciting CASP7-mediated apoptotic signaling cascades in CASP3-null MCF-7 cells.
CASP7-mediated PARP cleavage (
I-Lys binds to pro-CASP7 and p19/p12-CASP7, but not XIAP. To verify that I-Lys is capable of interacting with CASP7 in MCF-7 cells, we synthesized biotinylated I-Lys (I-Lys-B) and used it to identify I-Lys-interacting proteins via streptavidin-affinity chromatography ( Figure 3A) . Although mass spectroscopic analysis revealed the presence of several proteins, in addition to CASP7, that were likely bound to I-Lys (Supplemental Table 2 ), none of these interactions led to CASP7 activation. Our data showed that pro-CASP7 and p19/p12-CASP7, but not XIAP, were detected in the chromatography eluates by immunoblotting with their respective antibodies ( Figure 3A and Supplemental Figure 9 ). Confocal microscopy also revealed that I-Lys-B colocalized with CASP7 in the cytoplasm of MCF-7 cells ( Figure 3B ). These results demonstrated that I-Lys can bind directly to p19/p12-CASP7, thereby inhibiting PPI with XIAP.
Forced expression of CASP7 in MCF-7 cells enhanced p19/p12-CASP7 production and potentiated the cytocidal effect of I-Lys ( Figure 3 , C and D). In contrast, restoring CASP3 expression in MCF-7 cells diminished p19/p12-CASP7 accumulation (Supplemental Figure 10 ), thereby desensitizing the cells to I-Lys-mediated apoptosis ( Figure 1G ). Furthermore, shRNA knockdown of CASP7 reduced p19/p12-CASP7 production and consequently decreased I-Lys-induced apoptosis in MCF-7 cells ( Figure 3 , E and F). Accordingly, ectopic expression of mutant CASP7 bearing a D23A mutation (referred to herein as CASP7/D23A), which enhanced pro-CASP7 expression but obstructed the production of p19/p12-CASP7, abrogated the cytotoxic effect of I-Lys in MCF-7 cells ( Figure 3 , G and H). These findings indicate that p19/p12-CASP7 is a key target for inducing apoptosis by I-Lys and is constitutively produced by CASP3-null MCF-7 cells to compensate for the lack of CASP3-mediated nonapoptotic responses (24) .
I-Lys alkylates the Cys 246 residue of CASP7. To ascertain which key Cys residue is alkylated by I-Lys, thereby preventing XIAP-mediated inhibition of activated p19/p12-CASP7, we synthesized a dansylated I-Lys (I-Lys-Dan) compound to visualize its adduct with a recombinant CASP7 protein under UV light ( Figure 4A ). Both I-Lys and I-Lys-B inhibited the incorporation of I-Lys-Dan into CASP7 (Supplemental Figure 11) , which indicates that neither the dansyl nor biotin groups, which are separated by a linker, interfered with the binding of I-Lys toward the Cys 246 residue of CASP7. Mass spectroscopic analysis revealed that the Cys 246 residue within the CASP7 peptide fragment VQALCSIL was modified by I-Lys-Dan, as demonstrated by the peak at m/z 1,450.678 ( Figure 4A ), equal to the predicted mass value of the VQALCSIL peptide fragment (m/z 846.4753) with a Lys-Dan group (m/z 604.7955). Molecular docking analysis revealed that I-Lys was positioned such that the iodobearing carbon was 3.66 and 4.33 Å away from the Cys 246 thiol atom of pro-CASP7 and p19/p12-CASP7, respectively ( Figure 4B ). This distance is suitable for covalent bond formation with Cys 246 , but would preclude interaction with the catalytic Cys 186 residue. Furthermore, circular dichroism spectroscopic analysis revealed that I-Lys incorporation did not cause dramatic changes in the secondary structure of the p19/p12-CASP7 protein (Supplemental Figure 12) , which supports the hypothesis that I-Lys specifically interrupts the PPI within the XIAP:p19/p12-CASP7 complex without affecting CASP7 activity.
To determine whether alkylation of Cys 246 in CASP7 by I-Lys is solely responsible for inducing the apoptosis in MCF-7 cells, we generated an MCF-7 cell line stably expressing a mutant CASP7 bearing a C246S mutation (CASP7/C246S; Figure 4C ). As expected, I-Lys failed to cause apoptosis in CASP7/C246S-expressing MCF-7 cells ( Figure 4D ), although STS could still induce CASP7-dependent apoptosis. Remarkably, STS, but not I-Lys, induced the processing of the C246S mutant pro-CASP7 into p19/p12-CASP7 ( Figure 4E ), which enhanced CASP7 activity and promoted an enhanced apoptotic response in CASP7/C246S-expressing versus WT MCF-7 cells (Figure 4 , F and G). These data demonstrated that alkylation of the Cys 246 residue by I-Lys is the key step for disrupting the XIAP:p19/p12-CASP7 complex and eliciting CASP7-dependent apoptotic signaling in CASP3-null MCF-7 cells.
I-Lys inhibits the PPI between XIAP and p19/p12-CASP7 but not active CASP3. Because CASP3 and CASP7 are functionally and structurally similar, and both are able to interact with the BIR2 domain of XIAP when activated (35), we performed an in vitro protein binding assay to verify the specificity of I-Lys for the PPI between XIAP and p19/p12-CASP7. We found that I-Lys disrupted XIAP BIR2 domain-mediated inhibition of p19/p12-CASP7, even in preformed complexes, but not of active CASP3 ( Figure 5A ). This selectivity may be attributed to the presence of an embedded thiol group in the corresponding Cys 220 residue in CASP3, which does not react with I-Lys (Supplemental Figure 13 ). I-Lys was also capable of disrupting the binding of full-length XIAP with p19/ p12-CASP7, but not with the C246S mutant p19/p12-CASP7 (Supplemental Figure 14, A and B) , which supports the hypothesis that the alkylation of Cys 246 in p19/p12-CASP7 and subsequent disruption of the PPI is responsible for MCF-7 cell apoptosis after I-Lys treatment.
I-Lys selectively kills CASP3/DR cancer cells in vitro and in vivo.
We examined the selectivity of I-Lys in a panel of breast cancer cell lines, including estrogen receptor-positive (ER + ) cells (MCF-7, BT483, and T47D), HER2 + cells (AU565 and SKBR3), and triple-negative breast cancer (TNBC) cells (Hs578T, MDA-MB-157, and MDA-MB-231). Our data showed that I-Lys selectively killed the ER + MCF-7 cells (Figure 5F ), demonstrating the inhibition of tumor cell proliferation. TUNEL assays showed that I-Lys-induced tumor cell death was mediated by the apoptotic machinery rather than necrosis ( Figure 5G ). Furthermore, serological examination revealed that I-Lys administration did not affect the liver (GOT/GTP) or renal (BUN/creatinine) function of tumor-bearing mice (Supplemental Figure 15A) . Accordingly, no obvious changes in body weight or disorders of the heart, lung, liver, kidney, or spleen tissues from the experimental mice were detected during the course of I-Lys administration (Supplemental Figure 15 , B and C). Administration of I-Lys at a 10-fold higher dose (250 mg/kg) to evaluate the maximum tolerated dose (MTD) (36) did not result in liver or kidney injuries or affect hepatic or renal function or body weight of the mice (Supplemental Figure 16, A-C) . These findings demonstrated that I-Lys selectively inhibits the growth of CASP3/DR tumors without causing harmful side effects in tumor-bearing mice.
CASP3/DR is accompanied by accumulation of p19/p12-CASP7, which significantly correlates with cancer progression and poor prognosis in cancer patients. To determine whether CASP3/DR-mediated p19/p12-CASP7 accumulation occurs in clinical samples, and to validate our therapeutic strategy, we analyzed protein levels of CASP3 and p19/p12-CASP7 using IHC staining in serial sections of cancer tissue from breast, lung, and colon cancer patients ( Figure 6A ). Our results showed that CASP3 expression was inversely correlated with p19/p12-CASP7 accumulation in breast and colon cancers (P < 0.01; Figure 6A ). In colon cancer tissue, CASP3/DR was accompanied by p19/p12-CASP7 accumulation in morphologically malignant tissue; this result was supported by statistical evidence that metastatic CASP3/DR colon cancers frequently expressed high levels of p19/p12-CASP7 ( Figure 6B and Supplemental Figure 17A ). Similar results were observed in the clinical specimens from patients with lung cancer (Supplemental Figure  17B) . The frequency of CASP3/DR in the clinical specimens (59 of 92; 64.1%) was greater than what we observed in the cell lines ( Figure 5B ). Thus, we analyzed CASP3 mRNA expression in normal MCF-10A cells and 45 additional breast cancer cell lines. Although MCF-10A cells expressed a normal level of CASP3, 35 of 45 (77.8%) breast cancer cell lines exhibited a downregulation in the level of CASP3 mRNA (Supplemental Figure 18) . This finding was consistent with our IHC data using clinical breast cancer samples obtained from the hospital in Taiwan. In contrast, CASP3/DR and p19/p12-CASP7 accumulation were not found in the majority of normal breast and colon tissue samples (Supplemental Figure  19A) . Importantly, CASP3/DR is likely correlated with tumorigenesis in lung and colon tissues, because CASP3 expression was lower in malignancies compared with their adjacent normal tissues in microarray analyses of the paired normal/tumor (N/T) tissues (Supplemental Figure 19B) . Furthermore, XIAP expression negatively correlated with CASP3 expression but was positively associated with p19/p12-CASP7 accumulation in clinical cancer samples (Supplemental Figure 20) , which suggests that p19/p12-CASP7 forms complexes with XIAP. These findings elucidated the selectivity of I-Lys in killing CASP3/DR cells without inducing death in normal cells in vitro and in vivo.
We evaluated the clinical relevance of CASP3/DR by examining the association of p19/p12-CASP7 accumulation with prognosis in clinical cohorts of breast, lung, and colon cancer patients. We found that the signature of CASP3/DR, together with p19/ p12-CASP7 accumulation, correlated significantly with reduced survival in patients with breast, lung, or colon cancer (P ≤ 0.001; Figure 6C ). In addition, multivariate statistical analyses revealed that breast, lung, and colon cancer patients with the signature of CASP3/DR combined with p19/p12-CASP7 accumulation harbored 5.3-, 3.9-, and 1.4-fold higher risk, respectively, for cancer recurrence and 10.4-, 3.4-, and 1.8-fold higher risk of death (Supplemental Table 3 ). These findings indicate that p19/p12-CASP7 accumulation could be a useful prognostic marker for cancer patients with CASP3/DR malignancies and that targeting the constitutively formed XIAP:p19/p12-CASP7 complex is a feasible strategy to selectively kill cancers with CASP3/DR.
microRNA let-7a-1 inhibits CASP3 expression, promoting multidrug resistance. To understand whether CASP3/DR causes chemoresistance in breast cancer patients, we analyzed the transcriptional profile of CASP3 expression in samples from patients with breast cancer prior to neoadjuvant chemotherapy (NAC) treatment (37) . We found that CASP3/DR was highly associated with chemoresistance, especially in TNBCs ( Figure 7A ). Using stable clones generated from ER + T47D breast cancer cells overexpressing either the nontargeted control or microRNA let-7a-1 (MIRLET7A1), which posttranscriptionally represses CASP3 expression (38), we found that MIRLET7A1-expressing T47D cells exhibited reduced CASP3 expression, but dramatic p19/p12-CASP7 accumulation, compared with control cells ( Figure 7B ). Furthermore, compared with the nontargeted control, MIRLET7A1-mediated CASP3/DR promoted multidrug resistance to tamoxifen, paclitaxel, and doxorubicin in T47D cells (Figure 7 , C-E). Importantly, I-Lys killed the T47D cells with MIRLET7A1-induced CASP3/DR more efficiently than the control cells ( Figure 7F ). These data suggest a mechanism by which CASP3/DR and chemoresistance are mediated by MIRLET7A1 and provide a rationale for targeting the PPI between p19/p12-CASP7 and XIAP to treat multidrug-resistant breast cancer cells.
Prevention of XIAP binding to p19/p12-CASP7 enhances chemotherapeutic killing of CASP3/DR cancer cells.
Because XIAP binding to activated p19/p12-CASP7 inhibits STS-induced apoptosis in MCF-7 cells, we asked whether inhibiting the PPI between XIAP and p19/ p12-CASP7 could enhance the cytotoxic effectiveness of STS or chemotherapeutics in CASP3/DR cancer cells. Interestingly, treatment of MCF-7 cells with I-Lys at a nontoxic concentration (0.2 μM) synergistically potentiated STS-induced apoptosis (Figure 7G) . Combining STS or doxorubicin treatment with 0.2 μM I-Lys significantly enhanced their cytotoxic effectiveness in MCF-7 cells (Figure 7, H and I ). This synergistic effect is likely due to the alkylation of pro-CASP7 by I-Lys, which prevented XIAP binding to the active form of p19/p12-CASP7 during STS-and chemotherapy-induced apoptosis in MCF-7 cells (Figure 8) . Our results growth of normal CASP3-expressing MCF-10A mammary epithelium cells. Similarly, I-Lys treatment selectively inhibited in vivo tumor growth of MCF-7 cells without inducing other physiological changes in the tumor-bearing mice.
Because XIAP overexpression correlates strongly with cancer progression and chemoresistance, small-molecule XIAP antagonists (43) (44) (45) and SMAC mimetics (46) (47) (48) have been developed to inhibit the interaction of XIAP with CASP9 and CASP3 and kill malignant tumor cells. However, these agents are toxic to normal cells due to off-target effects, such as inhibition of the growth of hematopoietic progenitor/stem cells (49); these effects are likely caused by the interaction of XIAP with active CASP3, which is required for preventing apoptosis in normal proliferating cells (15) . In contrast, I-Lys selectively hindered the PPI of the fulllength XIAP and its linker-BIR2 domain with p19/p12-CASP7, but not with active CASP3, as shown by in vitro binding assays, and exhibited cytotoxic selectivity for CASP3/DR cancer cells in vitro and in vivo, owing to the massive accumulation of the XIAP:p19/ p12-CASP7 complex.
NAC, which combines several anticancer agents, such as paclitaxel with fluorouracil, doxorubicin, and cyclophosphamide, has been used as the standard treatment for patients with TNBCs (50) and ER + breast cancer (51) to achieve a complete pathological response. However, approximately 70% of breast cancer patients are insensitive to NAC treatment (50) . Here, we provided evidence for CASP3/DR in TNBCs ( Figure 7A ) and demonstrated that CASP3/ DR conferred drug resistance to tamoxifen, paclitaxel, and doxorubicin (Supplemental Figure 1 and Supplemental Table 1 ), which was likely responsible for the poor prognosis of cancer patients. Therefore, disrupting the XIAP:p19/p12-CASP7 complex represents an attractive strategy to combat multidrug-resistant cancers ( Figure 7F ). Another practical application of this study may be adjuvant use of I-Lys at low concentrations to enhance the effect of doxorubicin and other apoptosis-inducing chemotherapeutics in cancer therapy, which would hinder the binding of XIAP to p19/ p12-CASP7 in apoptotic CASP3/DR cancer cells ( Figure 7I ).
In summary, our results demonstrated that CASP3/DR occurs in multiple cancer types, presumably due to posttranscriptional repression by MIRLET7A1, which correlates with poor prognosis for patients. Fortunately, targeting the XIAP:p19/p12-CASP7 complex using PPI inhibitors (e.g., I-Lys) appeared to selectively kill CASP3/ DR cancer cells without adverse side effects in normal cells, which suggests that XIAP:p19/p12-CASP7 is a viable target for chemotherapies designed to treat malignancies with CASP3/DR.
Methods
Reagents. All chemicals used for synthesis were purchased from Sigma-Aldrich. The Fluorometric Caspase Assay kit was from BioVision. Antibodies against CASP3, pro-CASP7, p19-CASP7, CASP9, XIAP, and PARP were from Cell Signaling. Antibodies against XIAP (for immunoprecipitation), GAPDH, and GFP were from Santa Cruz Biotechnology. The CASP7 inhibitor MPS and the PARP inhibitor IAB were from Calbiochem (Merck Biosciences). pET-28a and pIRES2-EGFP vectors were from Novagen (Merck Biosciences) and Clontech, respectively. demonstrated that preventing XIAP from binding to the emerging p19/p12-CASP7 upon apoptotic proteolysis of pro-CASP7 using a selective PPI inhibitor (e.g., I-Lys) could be an adjuvant for chemotherapy against malignancies with CASP3/DR.
Discussion
Here, we demonstrated that a synthetic small-molecule PPI blocker, I-Lys, which covalently binds to the Cys 246 residue of p19/p12-CASP7, specifically disrupts the XIAP:p19/p12-CASP7 complexes that accumulate in CASP3/DR cancer cells. This disruption, in turn, induces release of p19/p12-CASP7, which directly triggers apoptosis in CASP3/DR cancer cells (Figure 8 ). Because CASP3/ DR cancer cells rely on the activity of CASP7 to maintain cellular functions, e.g., proliferation (15) , differentiation (16) , and motility (17) , XIAP:p19/p12-CASP7 complexes constitutively accumulate in resting CASP3/DR cancer cells, conferring cytotoxic selectivity for I-Lys. During the apoptotic demolition phase after treatment with I-Lys in CASP3/DR cells, the released p19/p12-CASP7 triggers proteolytic activation of downstream effectors, e.g., PARP, and activated pro-CASP7 processing in the late phase of apoptosis via the catalytic cleavage at Asp 23 prior to internal cleavage by the apical enzymes, e.g., granzyme B (39). This process leads to increased production of p19/p12-CASP7, which is no longer restrained by XIAP because of the incorporation of I-Lys into pro-CASP7 at early time points; it also augments the tumoricidal effects of I-Lys on CASP3/DR cancer cells (Figure 8) .
ER-α could induce MIRLET7A1 transcription (our unpublished observations), which in turn repressed CASP3 expression ( Figure 7B ). Upon ER-α-induced CASP3/DR repression, breast cancer cells express CASP7, most likely through the binding of ER-α to its upstream promoter region (40) , to compensate for the loss of cellular CASP3-dependent function. The accumulation of XIAP:p19/p12-CASP7 complex in nonapoptotic conditions then prevents apoptosis and provides the basis for the cytotoxic selectivity of I-Lys. Because CASP3 activation precedes CASP7 activation under both nonapoptotic and apoptotic conditions (18) in CASP3-expressing cells, e.g., in nontumor cells, restoring CASP3 expression in MCF-7 cells reduced the production of p19/p12-CASP7 in the resting stage (Supplemental Figure 10) , thereby rendering the cells insensitive to I-Lys but sensitive to chemotherapy (41) . Our study is the first to unveil a mechanism for CASP3/DRassociated chemoresistance in ER-α-expressing breast cancer cells; however, the precise mechanism underlying CASP3/DR and p19/ p12-CASP7 accumulation in other cancer types, such as lung and colon cancers, requires further exploration.
Loss of CASP3, but not CASP7, in mice resulted in embryonic lethality (19, 21) and severe brain development defects (23) , which demonstrates that CASP3 activity is necessary for maintaining cellular homeostasis in such processes as proliferation, differentiation, and motility in normal cells. Moreover, activated CASP3 has been shown to catalyze pro-CASP7 activation and processing into p19/p12-CASP7 by removing the N-terminal pseudopeptide via cleavage of the Asp 23 residue prior to internal cleavage by apical caspases during apoptosis (42) . XIAP binds avidly to activated CASP3 not only to prevent apoptosis, but also to inhibit CASP7 activation in response to nonapoptotic stimuli. Therefore, the intracellular accumulation of the XIAP:p19/p12-CASP7 complex might be very rare in nontumorigenic cells. Indeed, targeting the PPI in the XIAP:p19/p12-CASP7 complex with I-Lys robustly killed CASP3-null MCF-7 breast cancer cells without affecting the Immunoprecipitation. Cell lysates (500 μg) were diluted in 1 ml cell lysis buffer (10 mM Tris-HCl pH 7.4, 140 mM NaCl, 3 mM MgCl2, 2 mM EDTA, 5 mM EGTA, 0.5% Triton X-100, and 4% protease inhibitor cocktail [Merck Biosciences]) and incubated with rabbit anti-p19-CASP7 or mouse anti-XIAP antibody (2 μg of each) overnight at 4°C, followed by precipitation with 20 μl protein A-agarose beads for 1 hour at 4°C. Immunoprecipitates were analyzed by SDS-PAGE/Western blotting using XIAP and p19-CASP7 antibodies. To avoid the appearance of the Ig heavy and light chain bands in the immunoprecipitates, we used horseradish peroxidase-conjugated anti-mouse IgG light chain (Jackson ImmunoResearch Laboratories) and conformation-specific anti-rabbit IgG (Cell Signaling) antibodies to detect the XIAP and p19-CASP7 antibodies, respectively, in Western blotting. In addition, blots were stripped using a commercial kit (Millipore) and reprobed with anti-XIAP or anti-p19-CASP7 antibodies.
Lentiviral shRNA infection. Cells at 50% confluence that were grown in 6-well plates were fed with fresh media containing 5 μg/ml polybrene (Santa Cruz) before being infected with lentivirus containing CASP7 shRNA; infection was conducted overnight to promote the establishment of stable CASP7-knockdown cells. To select cells stably expressing CASP7 shRNA, cells were cultured in the presence of puromycin (10 μg/ml; Santa Cruz) for 24 hours. The puromycin-resistant cells were split into 96-well plates at a density of 1 cell/well to generate a cell line stably expressing CASP7 shRNA.
RT-PCR. Total RNA was extracted from cells using a RNA extraction kit (Genomics). Aliquots (5 μg) of total RNA were treated with M-MLV reverse transcriptase (Invitrogen) and amplified with Taqpolymerase (MDBIO) using the following paired primers: CASP3 forward, 5′-ATGGAGAACACTGAAAACTCAGTGG-3′; CASP3 reverse, 5′-GTGATAAAAATAGAGTTCTTTTGTGAGCAT-3′; CASP7 forward, 5′-ATGGCAGATGATCAGGGCTGT-3′; CASP7 reverse, 5′-CTATTGACT-GAAGTAGAGTTCCTTGGTG-3′; GAPDH forward, 5′-AGGTCGGAGT-CAACGGATTTG-3′; GAPDH reverse, 5′-GTGATGGCATGGACTGTGGT-3′.
Identification of I-Lys-and VAD-labeled proteins in MCF-7 cells.
Cell lysates (10 mg) were diluted in 1 ml binding buffer (25 mM Tris-HCl, pH 7.4, and 150 mM NaCl) and were precleared by incubating with 0.1 ml streptavidinsepharose beads (Sigma-Aldrich) for 1 hour at 4°C with gentle rotation prior to incubation with 200 μM I-Lys-B at 4°C overnight with gentle rotation. The I-Lys-B-treated cell lysates were purified by affinity chromatography using a HiTrap Streptavidin affinity column according to the manufacturer's guidelines (GE Healthcare). In other experiments, 2 × 10 5 cells/ml were pretreated with the pan-caspase inhibitor biotin-VAD-fmk (BioVision) (52) at a concentration of 2.5 μM for 1 hour prior to treatment with I-Lys or STS (1 μM each) at the designated time points. Aliquots of cell lysates (1 mg) were incubated with 0.1 ml streptavidin-sepharose beads (Sigma-Aldrich) for 1 hour at 4°C with gentle rotation. Pellets were analyzed by Western blotting using anti-p19-CASP7 antibody.
Plasmid construction, site-directed mutagenesis, and stable clone generation. For the E. coli system, the human cDNA sequences encoding CASP3 (NM_004346.3), CASP7 (NM_033339.3), and XIAP (NM_0011167.2) from commercial cDNA clones (Origene) were used as templates to construct full-length CASP3 and CASP7 and the linker-BIR2 domain (residues 124-240) of XIAP using the sticky-end PCR method with EcoRI/ XhoI restriction sites. CASP3 and CASP7 were introduced into the modified pET-28a vector (53) , whereas the XIAP linker-BIR2 domain was cloned into the pGEX-4T1 vector. Paired primers were as follows: CASP3 1 forward, 5′-AATTCATGGAGAACACTGAAAACTCAGTGG-3′; CASP3 1 reverse, 5′-GGTGATAAAAATAGAGTTCTTTTGTGAGCAT-3′; CASP3 2 forward, 5′-CATGGAGAACACTGAAAACTCAGTGG-3′; CASP3 2 reverse, 5′-TCGAGGTGATAAAAATAGAGTTCTTTTGTGAGCAT-3′; CASP7 1 forward, 5′-AATTCATGGCAGATGATCAGGGCTGT-3′; CASP7 1 reverse, W.-H. Lee (Genomics Research Center, Academia Sinica, Taipei, Taiwan). MCF-10A cells were maintained in DMEM/F12 medium with 5% horse serum and supplemented with 20 ng/ml epithelium growth factor, 0.5 mg/ ml hydrocortisone, 100 ng/ml cholera toxin, and 10 μg/ml insulin. BT483, T47D, AU-565, and SKBR3 cells were cultured in RPMI-1640 medium with 10% FBS. Hs578T cells were cultured in DMEM/F12 medium with 10% FBS. MDA-MB231 and MDA-MB157 cells were maintained in DMEM with 10% FBS. All cells were maintained in 5% CO2 at 37°C.
Confocal microscopy. Cells (1 × 10 5 ) were grown on poly-L-lysine-treated round cover slides (22 mm diameter, 0.17 mm thick; Sigma-Aldrich). After treatment with I-Lys-B at 1 μM for 2 hours, cells were fixed with 4% formaldehyde for 15 minutes at room temperature. After 2 washes with PBS, cells were treated with 95% EtOH and 5% CH3COOH at -20°C for 15 minutes. Then, cells were washed twice with PBS and blocked with 2% BSA and 0.1% Triton X-100 for 2 hours at room temperature. Subsequently, cells were incubated with the CASP7 antibody overnight at 4°C. After 3 washes with PBS, cells were incubated with a biotin-conjugated secondary antibody (DAKO) for 1 hour at room temperature. After several washes, cells were incubated with fluorescein-conjugated avidin complex (Vector Laboratories) for 30 minutes at room temperature. For nuclear staining, cells were incubated with PI (10 μg/ml) for 15 minutes at room temperature. After mounting on slides with 50% glycerol and TBS (pH 7.0), cells were observed using the LSM510 Confocal Microscope System (Carl Zeiss MicroImaging Inc.).
PI-based flow cytometric analysis. Cells (6 × 10 5 ) were fixed in 70% ice-cold EtOH for 30 minutes at room temperature. The cells were then washed once with PBS and incubated with the PI staining solution (0.1% BSA, 0.1% RNase A, and 20 ng/ml PI in PBS) for 30 minutes at room temperature in the dark. After incubation, cells were analyzed by flow cytometry to assess DNA content. The cells that accumulated in the sub-G0 region were defined as apoptotic cells; DNA fragmentation verified that the cytotoxic effect of I-Lys on MCF-7 cells was via apoptotic cell death.
MTT assay. Cells (2 × 10 5 /ml) were seeded into a 96-well culture plate. After an incubation period, 10 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Molecular Probes) stock solution was added to each well. Conversion of MTT to formazan by viable cells was conducted at 37°C for another 4 hours. After the reaction, 100 μl DMSO solution was added to each well to solubilize the formazan precipitates. To calculate cell survival rates, the amount of formazan was determined by optical density measurement at 540 nm using an ELISA reader.
Determination of in vitro and real-time intracellular DEVDase activity. The caspase activity assay was performed using a commercial kit according to the manufacturer's protocol (BioVision). To determine real-time CASP7 activity, cells were cultured in 6-well culture plates containing 9-mm × 22-mm cover slips coated with poly-l-lysine (Sigma-Aldrich). After 2 days of culture, cells were pretreated with 1 μM fluorogenic DEVD substrate PhiPhiLux-G1D2 (OncoImmunin) for 1 hour at 37°C. Subsequently, cover slips were transferred to a 4-ml quartz cuvette containing 2 ml Reaction Buffer (OncoImmunin). Analysis of real-time CASP7 activity was performed in a Hitachi F-4500 Fluorescence Spectrophotometer using excitation and emission wavelengths at 505 and 530 nm, respectively. A designated amount of I-Lys or staurosporine was added using a microinjection syringe when the baseline was stable. The level of DEVDase activity is presented as the ratio of fluorescence intensity, subtracting that of time 0.
Western blot analysis. Protein extracts (100 μg) were boiled for 5 minutes in SDS sample buffer (62.5 mM Tris pH 6.7, 1.25% SDS, 12.5% glycerol, and 2.5% β-mercaptoethanol) and separated on 12% SDS-PAGE gels. After being transferred to a PVDF membrane, the membrane was incubated with antibodies against pro-CASP3, pro-CASP7, p19-CASP7, XIAP, GFP, and GAPDH. Immunoreactive bands were visualized using an ECL system (Amersham Bioscience).
at 4°C to allow for complex formation. I-Lys (50 or 100 μM) was then added to the mixture. After 1 hour of incubation, active CASP3 or p19/ p12-CASP7 bound to GST or GST-tagged linker-BIR2 was precipitated using glutathione-Sepharose beads (Amersham Biosciences). After several washes with HEPES buffer (10 mM HEPES, 142 mM KCl, 1 mM EGTA, 1 mM dithiothreitol, 0.2% Nonidet P-40 pH 7.5), pellets were analyzed by immunoblotting with p19-CASP7 or GST antibody.
Microarray analysis. Transcriptional profiling results for CASP3 were obtained from GEO (accession nos. GSE20271 and GSE10890). Relative mRNA expression levels were normalized to the median and presented as log2 values.
Computer modeling. Molecular docking of I-Lys with pro-CASP7 (PDB 1K86) or p19/p12-CASP7 (PDB 1I51) was evaluated using GEMDOCK software (55) . Intermolecular interactions between docked compound and protein residues were analyzed using Swiss-PdbViewer 3.7 software.
Animal model. Immunodeficient NOD-SCID mice (6-7 weeks of age) were obtained from the Jackson Laboratory and housed in the animal room of the Genomics Research Center of Academia Sinica under a constant 12-hour light/12-hour dark cycle and fed with Laboratory Irradiated Rodent Diet 5058 (LabDiet). MCF-7, MDA-MB157, and MDA-MB231 cells (5 × 10 5 ) were suspended in 50 μl PBS and injected subcutaneously into the abdominal fat pad of each mouse as an orthotopic implantation. 1 day before MCF-7 cell implantation, mice were fed a 17β-estradiol pellet (Innovative Research of America). After implantation, mice were randomly assigned to 3 groups (n = 8) that received vehicle control or 5 or 25 mg/kg I-Lys in 100 μl PBS containing 0.1% DMSO 2 times per week (every 3-4 days) by intraperitoneal injection. Animal body weights were measured before drug treatment. Subcutaneous tumors were measured every week using calipers, and their volumes were calculated using the standard formula (w × l 2 )/2. Mice were sacrificed 5 weeks after injection with I-Lys to harvest the serum and tissues for further serological and histological examination, respectively. A portion of each tumor was frozen in liquid nitrogen and stored at -80°C until needed for analysis of the compounds in the tumors, and the remainder was fixed in 10% formalin overnight. Serum samples were analyzed by the Taiwan Mouse Clinic of Taiwan Phenotyping Center.
IHC. Paraffin-embedded tumor sections (3 μm thick) were heated and deparaffinized using xylene, rehydrated in a graded series of ethanol steps, and washed in tap water. Antigen retrieval was performed using the Target Retrieval Solution (DAKO) in a Decloaking Chamber (Biocare Medical). Endogenous peroxidase activity was quenched using hydrogen peroxide. Sections were incubated with anti-Ki-67 (DAKO), anti-CASP3 (1:500; Millipore), anti-p19/p12-CASP7 (1:1,000; Imgenex), or anti-XIAP (1:500; Genetex) antibodies at 4°C overnight in a humid chamber. The Vectastain ABC peroxidase system (Vector Laboratories) was used to detect the reaction products. In situ detection of apoptotic cells was carried out using the TUNEL assay kit according to the manufacturer's protocol (Merck Biosciences). IHC images were captured with an Olympus DP70 camera attached to an Olympus BX51 microscope using a ×40 objective.
Clinical samples. Breast, lung, and colon cancer tissues were from Taipei Medical University-managed Wan Fang Hospital, Kaohsiung Medical University Hospital, and Taipei Medical University Hospital, respectively. Patient information, including gender, age, and histopathological diagnoses, was collected. The surgical specimens had been fixed in formalin and embedded in paraffin before they were archived. We used the archived specimens for IHC staining. Patient follow-up was carried out for up to 60 months for the breast and lung cancer patients and 200 months for the colon cancer patients. A 4-point staining intensity scoring system was devised to determine the relative expression of 5′-GCTATTGACTGAAGTAGAGTTCCTTGGTG-3′; CASP7 2 forward, 5′-CATGGCAGATGATCAGGGCTGT-3′; CASP7 2 reverse, 5′-TCGAGC-TATTGACTGAAGTAGAGTTCCTTGGTG-3′; linker-BIR2 1 forward, 5′-AATTCAGAGATCATTTTGCCTTAGACAGGC-3′; linker-BIR2 1 reverse, 5′-GATCAGATTCACTTCGAATATTAAGATTCC-3′; linker-BIR2 2 forward, 5′-CAGAGATCATTTTGCCTTAGACAGGC-3′; linker-BIR2 2 reverse, 5′-TCGAGGATCAGATTCACTTCGAATATTAAGATTCC-3′.
For the mammalian system, the sticky-end PCR products of full-length CASP3 and CASP7 with XhoI/EcoRI restriction sites were inserted into the pIRES2-EGFP vector. Paired primers were as follows: CASP3 1 forward, 5′-TCGAGATGGAGAACACTGAAAACTCAGTG-3′; CASP3 1 reverse, 5′-CTTAGTGATAAAAATAGAGTTCTTTTGTGAG-3′; CASP3 2 forward, 5′-GATGGAGAACACTGAAAACTCAGTG-3′; CASP3 2 reverse, 5′-AATTCTTAGTGATAAAAATAGAGTTCTTTTGTGAG-3′; CASP7 1 forward, 5′-TCGAGATGGCAGATGATCAGGGCTGT-3′; CASP7 1 reverse, 5′-CCTATTGACTGAAGTAGAGTTCCTTGGTG-3′; CASP7 2 forward, 5′-GATGGCAGATGATCAGGGCTGT-3′; CASP7 2 reverse, 5′-AATTCCTATTGACTGAAGTAGAGTTCCTTGGTG-3′. To generate the CASP7/D23A and CASP7/C246S mutants, the pIRES2-EGFP/CASP7 plasmid was used as a DNA template and subjected to site-directed mutagenesis using the QuikChange II Kit (Stratagene) using the following paired primers: CASP7/D23A forward, 5′-AAATGAAGATTCAGTGGCT-GCTAAGCCAGACCGGT-3′; CASP7/D23A reverse, 5′-ACCGGTCTG-GCTTAGCAGCCACTGAATCTTCATTT-3′; CASP7/C246S forward, 5′-GTGCAAGCCCTCTCCTCCATCCTGGAG-3′; CASP7/C246S reverse, 5′-CTCCAGGATGGAGGAGAGGGCTTGCAC-3′. The identities of the individual clones were verified through double-strand plasmid sequencing.
To generate MCF-7 cells stably expressing WT CASP3, WT CASP7, or CASP7 mutant constructs, MCF-7 cells were transfected with 1 μg of each plasmid using the Lipofectamine delivery system (Invitrogen) for 24 hours. To generate T47D cells that stably expressed MIRLET7A1, T47D cells were transfected with the pCMV-MIR vector (Origene) containing a nontargeted control or MIRLET7A1 (1 μg each) for 24 hours. After selection with the G418 antibiotic, cells were seeded into 96-well plates at a density of 5 cells/ ml to yield single colonies. Cells stably expressing CASP3, CASP7, or CASP7 mutants were monitored by EGFP expression.
Protein expression and purification. Recombinant proteins including C-terminally 6-His-tagged p19/p12-CASP7 and N-terminally GST-tagged fulllength XIAP and the linker-BIR2 (residues 124-240) domain of XIAP were overexpressed in E. coli strain BL-21(DE3). To produce pro-CASP7 and active p19/p12-CASP7, bacterial hosts were treated with IPTG (0.2 mM) for 2 and 18 hours, respectively (54) . N-terminal cleavage at the Asp 23 residue was identified by N-terminal amino acid sequencing using Edman degradation. The soluble fraction containing the recombinant proteins from the E. coli lysate was purified over a Ni-NTA or glutathione-coated column according to the manufacturer's protocol (Amersham Biosciences).
Identification of I-Lys-alkylated Cys residues in CASP7. Recombinant CASP7 protein (200 μg) was diluted in 0.5 ml binding buffer as described above and incubated with 10 μM I-Lys-Dan overnight at 4°C with gentle rotation in the dark. The labeled recombinant CASP7 protein (30 μg) was subjected to electrophoresis on a 12% SDS-PAGE gel. The fluorescent protein band, visualized under a UV lamp, was excised from the gel and subjected to in-gel chymotryptic digestion and liquid chromatography-electrospray ionization-tandem mass spectrometric (LC-ESI-MS) analysis. For protein fingerprinting analysis, the resultant m/z values of each peptide fragment were compared with the predicted molecular weight of the peptide fragments derived from CASP7 with an alkylated Cys.
Assessment of in vitro BIR2 interaction with active CASP3 or p19/p12-CASP7. Recombinant active CASP3 or p19/p12-CASP7 (0.2 μg) was preincubated with GST or GST-tagged XIAP linker-BIR2 domain (0.2 μg) for 1 hour were deidentified prior to analysis. All animal work was conducted according to protocols approved by the Institutional Animal Care and Use Committee of Academia Sinica.
CASP3, p19/p12-CASP7, and XIAP in cancer specimens; the staining intensity score ranged from 0 (no expression) to 3 (maximum expression). All IHC staining results were reviewed and scored independently by 2 pathologists.
Statistics. Pearson rank correlations were determined for comparisons between CASP3 and p19/p12-CASP7 IHC staining. Pearson χ 2 tests were used to analyze the association of low-and high-level p19/p12-CASP7 staining with different TNM stages in a cohort of subjects with colon cancer. Kaplan-Meier analysis was used to evaluate the association of CASP3 expression with cancer patient survival data, and log-rank tests were performed to determine its statistical significance. Cox proportional hazards regression was used to test the prognostic significance of the factors indicated in Supplemental Table 3 in multivariate models. Statistical analysis of 3 independent experiments was performed using nonparametric MannWhitney test. All statistical tests were 2-sided, and a P value less than 0.05 was considered significant.
Study approval. The study was initiated after obtaining Institutional Review Board approval from Taipei Medical University Hospital (Taipei, Taiwan) and Kaohsiung Medical University Hospital (Kaohsiung, Taiwan), and experiments were performed in compliance with these protocols. All subjects provided informed consent prior to participation, and specimens
